Abstract: Lactating women exhibit more favorable blood glucose and insulin profiles, as well as increased insulin sensitivity than nonlactating women. Yet, much less is known about whether these favorable effects on metabolic risk factors persist long-term among women with gestational diabetes mellitus (GDM). The evidence that lactation reduces incident type 2 diabetes after GDM pregnancy is limited and inconsistent. Well-controlled, prospective studies that measure lactation intensity and duration, and comprehensively screen for postpartum glucose tolerance are needed to conclusively determine whether lactation can lead to reduced risk of type 2 diabetes after GDM pregnancy.
Introduction
Gestational diabetes mellitus (GDM), referred to as glucose intolerance with firstonset during pregnancy, occurs in B7% of all US pregnancies, and affects over 200,000 women per year. 1 A history of GDM confers a 4-to 7-fold higher risk of diabetes, depending on whether hyperglycemia is present before conception. 2, 3 Almost 50% of women with a GDM pregnancy will be diagnosed with type 2 diabetes mellitus within 5 to 8 years after pregnancy. [3] [4] [5] Major predictors of subsequent diabetes or metabolic syndrome after GDM delivery include pancreatic b-cell dysfunction, glucose intolerance, and obesity in the early postpartum period. 4, [6] [7] [8] [9] [10] [11] Much less is known about postpartum behaviors that influence progression to type 2 diabetes after GDM pregnancy. The Diabetes Prevention Program randomized women with impaired glucose tolerance to lifestyle intervention and found a reduction in diabetes risk among those with a history of GDM, but could not discern the impact of lactation and postpartum behaviors because participants had delivered pregnancies more than a decade earlier. 12 Lactation is characterized by increased glucose utilization and lipolysis through non-insulin-mediated processes for milk production by the mammary gland, as well as higher maternal basal metabolic rates and mobilization of fat stores. [13] [14] [15] Lactating women manifest lower blood glucose and insulin concentrations and higher glucose production rates resulting from increased glycogenolysis (not gluconeogenesis or increased use of free fatty acids). 16 Emerging evidence indicates that lactation may have
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Correspondence: Erica P. Gunderson enhanced pancreatic b-cell mass and function, as well as decrease insulin resistance. 17, 18 Although these beneficial effects of lactation on maternal metabolism are known, evidence is less available that these effects influence the progression to glucose intolerance and overt diabetes in mid to late life, particularly among women with previous GDM. The scientific evidence that lactation influences metabolism in women with GDM is critically reviewed herein, as well as evidence for persistent influences on diabetogenesis in women with a history of GDM, and the need for future research on lactation measures and the potential protective benefits for women's metabolic health. Table 1 summarizes the cross-sectional analyses of postpartum lactation and glucose tolerance among women with a history of GDM. Postpartum women with a recent GDM pregnancy have more favorable metabolic profiles, including glucose tolerance and blood lipids, among those lactating compared with those nonlactating. McManus et al 18 reported that 14 lactating compared with 12 nonlactating women with previous GDM had higher insulin sensitivity, glucose effectiveness, and first-phase insulin response to glucose (AIRg) assessed by Bergman's Minimal Model, although statistical significance was not reached. However, the same study reported higher disposition index (insulin sensitivity multiplied by AIRg) was 2.5 times higher (129.9 ± 26.0 vs. 53.4 ± 18.0 Â 10 -4 /min; P<0.05) for lactating versus nonlactating women matched for age, weight, postpartum weight loss, and exercise habits. 18 These findings support the hypothesis that lactation by women with a recent GDM pregnancy improves insulin sensitivity and b-cell function, at least in the short term.
Lactation and Maternal Metabolism in Postpartum Women With Recent GDM Pregnancy
Cross-sectional findings from a study of Latinas with history of GDM showed marked differences in glucose tolerance and lipid metabolism for lactating compared with nonlactating women. 19 For example, lactating women had better glucose tolerance at 4 to 16 weeks postpartum; a lower total area under the glucose tolerance curve (17.0 ± 4.2 vs. 17.9 ± 5.0 g/min/dL), and lower fasting serum glucose (93 ± 13 vs. 98 ± 17 mg/dL) and 2-hour oral glucose tolerance test glucose levels (124 ± 41 vs. 134 ± 49 mg/dL) after controlling for body mass index (BMI), maternal age, and insulin use during pregnancy. 19 In addition, lactating versus nonlactating women with recent GDM had a lower prevalence of type 2 diabetes mellitus; 4.2% versus 9.4%, respectively. 19 A second study that examined 122 Latinas with normal fasting glucose and no insulin use during GDM pregnancy reported that lactation was less likely in those with diagnosis of diabetes within 6 months postpartum than women with normal glucose tolerance (42% vs. 71%; P = 0.03), respectively. 20 Other studies have reported that women with overt diabetes have reduced insulin requirements when lactating during the postpartum period. 23 In a study of women from the Atlantic Diabetes and Pregnancy Study, women who were classified as lactating versus nonlactating at the time of the 2-hour oral glucose tolerance test had a 60% lower odds of persistent dysglycemia defined by the World Health Organization criteria for impaired glucose tolerance and diabetes adjusted for maternal BMI, age, treatment during pregnancy, and family history of diabetes. 21 However, other lifestyle behaviors and lactation duration or intensity was not assessed in this study.
The Study of Women, Infant Feeding, and Type 2 Diabetes after GDM pregnancy (SWIFT), evaluated the relationship between lactation duration and intensity and postpartum glucose tolerance among women with a previous GDM pregnancy at the study baseline visit. 24 SWIFT reported that higher lactation intensity at 6 to 9 weeks Lactation and Metabolism After GDM 845 22 Specifically, compared with exclusive or mostly formula feeding ( >17 oz formula per 24 h), exclusive breastfeeding and mostly breastfeeding (r6 oz formula per 24 h) groups, respectively, had lower adjusted mean (95% CI) fasting plasma glucose (mg/dL) of -4.3 (-7.4, -1.3) and -5.0 (-8.5, -1.4), fasting insulin (mU/mL); -6.3 (-10.1, -2.4) and -7.5 (-11.9, -3.0), and 2-hour insulin; -21.4 (-41.0, -1.7) and -36.5 (-59.3, -13.7); all P-values <0.05. Higher lactation intensity was also linked to lower prevalence of prediabetes among obese women as well as nonobese women with exclusive or mostly breastfeeding groups had lower prevalence of diabetes or prediabetes (P = 0.02). 22 The findings from cross-sectional analyses support the hypothesis that lactation has immediate favorable effects on glucose tolerance, but leaves open the possibility of reverse causation, with improved metabolic status determining lactation practices as some studies did not evaluate confounding by lifestyle behaviors, or control of metabolic status during pregnancy. Therefore, longitudinal studies with standardized screening methods for diabetes onset are required to determine whether lactation may have persistent protective effects on metabolism that lower risk of developing diabetes in women after GDM pregnancy. Studies that have investigated lactation duration or current lactation status during the postpartum period in relation to future development of type 2 diabetes after GDM pregnancy are described in Table 2 .
LACTOGENESIS AND HISTORY OF GDM
GDM is a heterogeneous disorder that includes women with preexisting diabetes during pregnancy. Women with pregestational diabetes may experience delayed lactogenesis related to insulin resistance 29 and inadequate blood glucose control, although the mechanisms are known. 30 Delayed lactogenesis in women with a recent GDM pregnancy has been described in a few studies. One small clinical study of women with recent GDM reported no marked delays in lactogenesis based on similar concentration of lactose in the colostrum at 40 to 50 hours postpartum for GDM women compared with control women. 29 However, GDM women had more difficulty expressing colostrum from their breasts during the first 2 days of lactation. 29 One study reported a higher incidence of delayed OL among primiparas with previous GDM (n = 27) as compared to women without GDM (n = 397); 63% vs. 43%, p = 0.04). 31 Strong risk factors for delayed lactogenesis in the general prenatal population include primiparity, prematurity, and maternal obesity. 32, 33 Maternal obesity may delay the onset of lactogenesis 32, 34 because of lower physiological levels of prolactin in response to suckling. 34 Delayed milk production is an important predictor of breastfeeding persistence, and has been associated with lower rates of breastfeeding and shorter duration among obese women. 32 Furthermore, medical management of newborns of diabetic mothers that involves provision of supplemental milk feedings (ie, indicated by neonatal hypoglycemia) may also interfere with maternal milk production.
Lactation and Changes in Metabolic Risk Factors Postweaning
Direct biochemical evidence that lactation influences cardiometabolic risk factors is available from a longitudinal study of women without a history of GDM. Gunderson and colleagues examined changes in metabolic parameters from before pregnancy to an average of 13 months postweaning (range, 2 to 24 mo). This study reported that lactation duration for 3 months or longer was associated Lactation and Metabolism After GDM 847 35 Given the strong inverse association between plasma HCL-C and incidence of type 2 diabetes in women, 36 these findings provide direct biochemical evidence that lactation may have lasting favorable effects on metabolic risk factors postweaning, and supports the hypothesis that lactation may have lasting beneficial effects on glucose tolerance in women.
Lactation and Incidence of Type 2 Diabetes Among Women With a History of GDM
Less evidence is available to determine whether lactation has lasting effects on glucose metabolism to prevent development of type 2 diabetes in women with a history of GDM. The studies reporting findings related to lactation measures and subsequent diabetes among women with a history of GDM are shown in Tables 1  and 2 . The study limitations include the retrospective designs, lack of detailed lactation measures, variable testing for diabetes after pregnancy, self-report of subsequent type 2 diabetes mellitus, and lack of control for major confounders, including lifestyle behaviors. For example, several studies focused on lactation status (any vs. none) at the time of the postpartum glucose tolerance test (ie, 1 to 4 mo postpartum) and did not assess lactation duration. Kjos et al 7 reported that lactation at 4 to 16 weeks postpartum was not associated with development of type 2 diabetes within 7.5 years after delivery in Latinas with variable follow-up screening. Another study of 91 Latinas in whom lactation status (yes/no) was assessed at the time of the glucose tolerance testing, lactation was not associated with type 2 diabetes diagnosis at 11 to 26 months after GDM pregnancy. 25 Only 2 studies report findings regarding lactation duration and subsequent incidence of type 2 diabetes among women with a history of GDM, and provide inconclusive evidence. A retrospective analysis of women with a history of GDM from the Nurses' Health Study cohort found no association between lifetime lactation or other lifestyle behaviors (ie, diet, exercise habits) and incidence of type 2 diabetes several years after delivery. 26 In the Nurses' Health Study cohort, diabetes status was ascertained only by self-report, and confirmed by review of clinical records, and women retrospectively reported GDM status. A second study by Ziegler et al 28 among 264 women with recent GDM reported that the lowest risk of diabetes occurred in women who had lactated for longer than 3 months after controlling for GDM treatment and maternal BMI. However, this study did not control for any lifestyle behaviors or other confounders that may determine both lactation duration and diabetes risk. Thus, reverse causation in which greater insulin resistance may lead to delayed lactogenesis and shorter lactation duration cannot be ruled out. Prospective studies are needed that engage in standardized screening methods for diabetes at regular intervals, assess both lactation duration and exclusivity, and control for potential confounders including gestational glucose tolerance, maternal lifestyle behaviors, and sociodemographics. Studies within racially and ethnically diverse cohorts of women with GDM are needed to determine whether lactation measures influence future diabetes onset.
Lactation Duration and Incidence of the Metabolic Syndrome After GDM Pregnancy
The Coronary Artery Risk Development in Young Adults Study assessed lifestyle behaviors and biochemical measures Lactation and Metabolism After GDM 849 during a 20-year period to investigate whether lactation influences future disease risk in women with a history of GDM. Gunderson and colleagues (Table 2 ) assessed lactation and the incidence of metabolic disease among women with a history of GDM in a carefully controlled longitudinal cohort study that overcomes the study design weaknesses outlined above. The CARDIA Study 27 prospectively measured cardiometabolic risk factors, both before and after pregnancies as well as lactation duration for each pregnancy. The incidence of the metabolic syndrome was ascertained every 5 years among women with previous GDM as well as those without GDM. The study found that increasing lactation duration (Z1 mo and up to >9 mo vs. 0 to <1 mo) was strongly associated with lower relative hazards of incident metabolic syndrome in black and white women; lower by 39% to 50% among non-GDM and by 49% to 86% among GDM groups adjusted for all metabolic syndrome components measured before pregnancy, obesity, lifestyle behaviors, and weight gain during the 20-year follow-up. These findings suggest that the long-term effects of lactation on women's cardiometabolic health are beneficial and that they are not mediated by weight changes. The study provides the first direct biochemical evidence that link lactation duration to long-term favorable effects on women's cardiometabolic health, and these protective effects were also reported among women with a history of GDM.
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Issues and Gaps
Evidence is insufficient that lactation has lasting effects that prevent diabetes among women with previous GDM. We know very little about the metabolic effects of lactation intensity and duration in women with GDM, or whether delayed lactogenesis is a significant problem during the early postpartum period for women with GDM. The heterogeneity in GDM according to the severity of the gestational glucose intolerance may also be of major importance in determining the longterm impact of lactation on women's metabolic health and disease risk, as greater insulin resistance may result in delayed lactogenesis. 33 
Conclusions
Relatively few studies have examined lactation and postpartum glucose intolerance or dysglycemia, and subsequent development of incident type 2 diabetes after GDM pregnancy. Of 36 studies that screened for postpartum glucose tolerance in women with previous GDM, 4, 10, 11, 21, 22, 26, 28, 37, 38 only 9 of 36 study samples assessed lactation measures, 7, [18] [19] [20] [21] [22] 25, 26, 28 and of these, only 3 controlled for lifestyle behaviors and/or sociodemographics. 18, 22, 26 Six studies defined lactation as ''any'' versus ''none,'' 7,18-21,25 1 study assessed lactation intensity 22 and 2 studies assessed lactation duration up to one or more years postpartum. 26, 28 A retrospective analysis among nurses reporting a history of GDM showed a null association with incident type 2 diabetes by self-report. 26 Another study in German women prospectively assessed diabetes onset after pregnancy among 264 women with previous GDM, and reported that lactation for >3 months was associated with lower incidence of type 2 diabetes, but lifestyle behaviors were not controlled in this study. 28 Limitations of the studies include primarily qualitative measures of lactation (current, ever vs. never), 25% to 45% lost-to-follow-up rates, select populations (white only, nurses or Latinas attending family planning clinics), nonuniform GDM diagnostic criteria, and nonstandardized ascertainment of diabetes outcomes (ie, variable postpartum diabetes screening, self-reported diabetes), and lack of data on prenatal glycemia or postpartum lifestyle behaviors as potential confounders.
The SWIFT study was designed to prospectively assess lactation intensity and duration in relation to the 2-year incidence of type 2 diabetes mellitus in women with recent GDM. 24 Follow-up of the SWIFT cohort is currently underway to assess glucose tolerance among a large, racially and ethnically diverse (75% minority; Asian, Hispanic, and Black) cohort of 1,035 women diagnosed with GDM via Carpenter and Coustan criteria. 24 SWIFT prospectively measured lactation, as well as lifestyle behaviors and other major confounders, and is the largest cohort of women with GDM in whom standardized postpartum screening for glucose tolerance is being carried out at regular intervals.
Lactation has favorable effects on maternal glucose tolerance during the postpartum period after GDM pregnancy, but evidence is insufficient to conclude that these effects endure postweaning, or lactation influences development of type 2 diabetes in women years later. However, among women with GDM, evidence for lasting effects of lactation on long-term risk of type 2 diabetes and the metabolic syndrome is much less available. Wellcontrolled, prospective studies with more precise and complete measures of lactation, (ie, intensity) and control for lifestyle behaviors, are needed to conclusively determine whether lactation lowers the risk of type 2 diabetes among women with a history of GDM. Longitudinal assessment of glucose intolerance, including prediabetes and diabetes, at defined intervals is necessary to determine whether favorable effects of lactation persist years after delivery. Specifically, biochemical measurements are needed to substantiate the epidemiologic evidence that lactation influences diabetogenesis beyond the childbearing years. Lactation is a modifiable health behavior that may play an important role in future disease risk not only for women with a history of GDM, but for their offspring as well.
